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Lanqing Xu,a Ning Wei,cd Xinmiao Xu,ab Zheyong Fan*e and Yongping Zheng*a
In this work molecular dynamics simulations are carried out to investigate the defect-mediated self-
assembly of graphene paper from several layers of graphene sheets with vacancy defects. Tensile and
shear deformations are applied to the obtained architectures to investigate both the in-plane and the
out-of-plane mechanical properties. The effect of incipient defect coverage is analyzed and super-
ductility is observed in the high defect density situation. While the stiffness and strength decrease with
the increasing of incipient defect coverage under in-plane deformations, they increase under out-of-
plane deformations, which can be attributed to the enhanced defect-induced interlayer cross-linking.
Effects of crack-like flaws are also investigated to demonstrate the robustness of this structure. Our
results demonstrate that defects, which are sometimes unavoidable and undesirable, can be engineered
in a favorable way to provide a new approach for graphene-based self-assembly of vertically aligned
architectures with mechanical robustness and high strength.1 Introduction
Over the past decade, graphene-based nanomaterials have
attracted signicant excitement in the scientic community
given the excellent electrical,1–4 thermal,5 and mechanical6
properties that graphene sheets were predicted to possess.
Particularly attractive are the superlative mechanical properties,
which could spark versatile applications, such as in nano-
electronic and nanomechanical systems.7 A pristine graphene
sheet was reported to have a high Young's modulus (1.0 TPa)
and tensile strength (100 GPa for zigzag load and 90 GPa for
armchair load).6,8,9 However, in most of the application situa-
tions defects are unavoidable10–14 and these defects can have a
signicant inuence on the material performance.15–17 For
single-wall carbon nanotubes (SWCNT), single vacancy
defect,18,19 multiple point vacancy defects20,21 and the Stone–
Wales defects22 were shown to signicantly reduce the tensile
strength and the fracture strain, which reasonably explains thend Technology for Medicine of Ministry of
lectronics Technology, Fujian Normal
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02–2010difference between the comparatively low fracture strength of
SWCNT observed in experiments (13–52 GPa)23 and the high
theoretical predictions (100 GPa).24–27 For a single-layer gra-
phene sheet, vacancy defects were shown to decrease the
Young's modulus and Poisson ratio,28 and the line defects, such
as grain boundaries,29 can reduce the strength, with the effect
more pronounced for some boundary angles30 and less
pronounced for others.31
Although defects can induce the deterioration of the
mechanical properties of graphene and CNTs, they were also
suggested to be directly used to create covalent bonds to
improve the mechanical performance of graphene and/or CNT-
based nanomaterials. Covalent bonds between CNTs and a
polymer matrix,32 inter-tube cross links in CNT bundles,33 sp3
interwall bonds in multi-wall CNTs34 and hybrid sp3–sp3 inter-
wall bonds in double-wall CNTs35 can all be constructed
through vacancy defects and were demonstrated to improve the
mechanical performance. Recent experimental advances make
these ideas especially attractive. For example, ion irradiation
has been shown to introduce defects into graphene sheets in a
controlled way.36
In addition, defects can be utilized for functionalization to
create cross-links, which are demonstrated to upgrade
mechanical properties during the manufacturing of graphene-
based paper-like composites. Through chemical cross-linking37
or hydrogen bonding,38 graphene oxide (GO) papers were
reported to have enhanced mechanical stiffness and strength.
Chemical ions, such as alkali metal ions were employed as the
cross-linkers to bind oxygen functional groups within GO paper;This journal is ª The Royal Society of Chemistry 2013
Fig. 1 The upper diagrams show the process of the self-construction of MLGP.
(a) A stack of 6 SLGSs (with the vacancy defects highlighted in blue) compressed
by a small force perpendicular to the planes, as represented by the small black
arrows. (b) The self-constructed MLGP. The lower diagrams schematically show
the different configurations of the interlayer cross-links exhibited in the MLGP; (c)
an sp2–sp2 cross-link formed by two unsaturated atoms; (d) an sp2–sp3 cross-link
formed by one unsaturated atom and one saturated atom; (e) an sp3–sp3 cross-
link formed by two saturated atoms from perfect benzene rings.













































View Article Onlinethe resulting mechanical stiffness and fracture strength were
enhanced by 10–200% and 50%, respectively.39 Other func-
tional groups, such as nitriles40 and NH241 can also have similar
effects. Moreover, by introducing small molecules into the
gallery regions in the GO papers, the interlayer adhesions can
be tailored and themaximum Young's modulus of the graphene
papers can be enhanced.42 The reported Young's modulus and
ultimate strength of GO papers range from 4.8–42 GPa and from
15–193 MPa, respectively.43–45 Increased ductility can also be
obtained in GO papers and GO/polymer lms.46 Besides in-
plane properties, the interlayer cross-links can facilitate out-of-
plane load transfer and improve the corresponding elastic
moduli.47 For example, hydrogen bond networks and water
molecules in GO papers were found to increase the stiffness of
the composite, with observed out-of-plane elastic moduli
varying from 3–19 GPa.48 Interlayer cross-linking was demon-
strated to provide a more stable platform for the structural
robustness and stiffness in graphene paper,49–51 leading to a
strong and exible architecture. This kind of graphene paper
can be mechanically strong as well as electrically conductive,
which is promising for exible electronic equipment and
advanced energy converting/storage systems, such as super-
capacitors and barriers,52 high performance electrodes in
lithium-ion batteries53 and dye-sensitized solar cells,54 etc.
In this work we extend the idea of interlayer cross-linking
and propose a new architecture of graphene paper, which can
be spontaneously constructed from monolayer graphene sheets
with randomly distributed vacancy defects. We aimed to achieve
a mechanically robust three-dimensional paper-like structure
through simple defect engineering. The atomic-level structures
and the collective mechanical behavior of the obtained multi-
layer graphene papers (MLGPs) are elucidated based on
molecular dynamics (MD) simulations. In-plane elastic moduli
and strength are reduced, whereas out-of-plane properties are
greatly improved, and the system is also found to be very robust
against large-size crack-like aws. Furthermore, the key role of
interlayer cross-links in affecting the mechanical properties is
examined.2 Models and methods
2.1 Models
The procedure for the spontaneous self-construction of MLGP is
illustrated in Fig. 1. The sample used in molecular dynamics
simulations consists of six layers of graphene sheets initially
separated by a distance of 10 Å. For convenience and without
losing generality, the size of the monolayer square sheet we
considered is 50 Å  50 Å and the adjacent graphene layers are
arranged with overlapping pz orbitals. Vacancy defects are
randomly dispersed on the graphene basal planes according to a
prescribed density f. Then a small force of 1.0 eV Å1 acts on the
stacked graphite-like architecture to compress the system and
lower the interlayer distance (Fig. 1(a)). The system is subse-
quently heated gradually from 10 K to 300 K over a time span of
125 fs, and then equilibrated at a xed temperature of 300 K for
100 fs. Due to the incipient defects, carbon atoms at the edges of
vacancies are unsaturated, which can facilitate the spontaneousThis journal is ª The Royal Society of Chemistry 2013formation of interlayer C–C bonds. These vacancy-activated
interlayer bonds will link the separated graphene sheets into a
paper-like integrated architecture, which we term multilayer
graphene paper (MLGP, Fig. 1(b)). Besides MLGP, mechanical
properties of a single layer defective graphene sheet (SLGS) with
the same in-plane size were also investigated for comparison.
MLGP and SLGS with incipient defect density x% will be
abbreviated as MLGP-x% and SLGS-x%, respectively.
2.2 Computational methods
Molecular dynamics simulations are carried out using the
AIREBO potential55 as implemented in the LAMMPS simulation
package,56 where the cutoff parameter of the RIBO part of the
potential is set to be 2.0 Å, as suggested in ref. 57. The LJ part of
the potential is included to take the long-range interlayer
interactions into account. The MLGP and the SLGS structures
are rstly optimized using a conjugated gradient algorithm,58
and then subjected to an NVT ensemble for 100 ps followed by
an NPT ensemble for 300 ps to achieve equilibration with a
background temperature of 300 K (Nose–Hoover thermostat59).
Periodic boundary conditions are imposed. Aer equilibration,
uniaxial tensile tests are performed in the NPT ensemble and
shear tests are performed in the NVT ensemble. In both tensile
and shear tests, the engineering strain rate is 0.001 ps1, i.e., a
0.1% increment of the deformation length relative to the orig-
inal length of the sample every picosecond. The strain incre-
ment is applied every 1000 time steps, with a time step of 0.1 fs.
The snapshots of MLGP and SLGS before and aer equilibration
are illustrated in Fig. A1.†
Mechanical properties are mainly revealed by the stress–
strain relations and four associated parameters, namely, elasticJ. Mater. Chem. A, 2013, 1, 2002–2010 | 2003













































View Article Onlinemodulus (Young's modulus Y and shear modulus G), maximum
strength (tensile strength sc and shear strength sc), fracture
strain (tensile fracture strain 3F and shear fracture strain gF),
and third-order elastic modulus D. Y and G can be obtained by
computing the derivatives of stress-strain curves at 3 / 0 and
g / 0, respectively. The third-order elastic modulus D, which
inuences the stiffness of the material, can be computed by
tting the nonlinear stress–strain relation using the following
second-order polynomial formula:
s ¼ Y3 + D32 (1a)
s ¼ Gg + Dg2 (1b)
Typically Y and G are positive and D is negative for the
pristine graphene. However, in the defective graphene case,
D may change to positive value due to strong structural defor-
mation. The total stress can be obtained by averaging the
atomic virial stress over all the atoms in the system.60,61 The
volume of the graphene sheet is computed by multiplying the
in-plane area of the simulation model with the thickness of
graphene sheets. There is arbitrariness in the denition of
thickness of the monolayer graphene sheet. For convenience
of comparison between our theoretical results and the experi-
mental ones, a thickness of 3.35 Å was used here. To validate
our simulation methods, we calculated the elastic modulus,
maximum strength and fracture strain of a 50 Å  50 Å pristine
graphene sheet stressed along the zigzag direction. We found
that the obtained results agree well with the experimental
measurements as well as other theoretical reports, as listed in
Table 1.3 Results and discussions
In this section, we will investigate the mechanical properties of
MLGP under in-plane and out-of-plane tensile/shear deforma-
tions. Furthermore, to depress the possible uctuation created
by randomness in the arrangements of the defects, we create 10
independent samples for each defect coverage and perform the
associated MD simulations accordingly.3.1 Tensile deformation
We rst analyze the mechanical properties of MLGP under
tensile deformation along the zigzag direction; results for
armchair load are presented in Fig. A2.† Fig. 2 shows typicalTable 1 Mechanical properties of a pristine graphene membrane. The results from
comparison
Y (TPa) sc (GPa) 3F G (GPa)
Our work 0.987  0.045 106 0.205 0.459  0
Ref. 6 1.0  0.1 130  10
Ref. 66 1.05
Ref. 67 1.01  0.03 107 0.20
Ref. 23 0.31–1.47 60
Ref. 68 0.466
Ref. 69 0.280  0
2004 | J. Mater. Chem. A, 2013, 1, 2002–2010stress–strain relations (a) and the defect-coverage-dependence
of the fracture strains (b), the ultimate strengths (c), and the
Young's moduli (d), with the error bars being derived from the
ten independent simulations. For both MLGP and SLGS, with
the increase of the defect density f, sc and Y decrease mono-
tonically, whereas 3F decreases for f < 3% and increases for f >
3%. For the range of f considered, MLGP has relatively lower sc
and higher Y compared with SLGS. As for 3F, MLGP takes lower
values for f < 10% but higher values for larger f.
To understand these trends, we start with a closer inspect of
the stress–strain relations. The stress–strain relations of both
MLGP and SLGS with low defect coverage (f ¼ 0.7%) nearly
overlap that of the pristine graphene, but exhibit signicant
earlier fractures due to the defect-induced weakening of the
systems. For large defect coverage (f ¼ 11%), both MLGP and
SLGS become weaker but more ductile, with reduced ultimate
strengths and enlarged fracture strains. The ultimate strength
of MLGP at this defect coverage (28.4 GPa) is much lower than
that of pristine graphene (106 GPa), but much higher than those
observed in graphene-based nanocomposites (a few hundred
MPa to a few GPa)43–45 and graphene paper prepared by ow-
directed assembly of graphene nanosheets (70–78 MPa).62 The
increasing of the fracture strains with the increase of f results
from the defect activated bond reconstruction, and the detailed
different behaviors between MLGP and SLGS stem from the fact
that SLGS only has intralayer bond reconstruction, while MLGP
also has interlayer bond reconstruction. The relatively lower
ultimate strength and higher Young's modulus for MLGP
compared with SLGS also result from the interlayer bonds,
which can strengthen the system in the earlier stage of the
tensile test and provide space for load transfer between the
layers in the later stage, so as to lower the macroscopic
maximum stress. These different trends can be more quanti-
tatively described by the Dmodulus, which, with the increase of
defect coverage, changes the sign from negative to positive for
SLGS, but remains negative for MLGP, as can be seen from
Fig. A3.†
One of the most interesting phenomena in Fig. 2(b) is the
relatively large 3F and super ductility at high f. To understand
this point, we performed tensile tests on a pristine graphene
sheet, MLGP and SLGS and compared the corresponding radial
distribution functions (RDFs) at the equilibrium state and
fracture point. From the results presented in Fig. 3 we can see
that at the equilibrium state both MLGP and SLGS possess
similar RDFs to that of the pristine graphene sheet. The nearest-the previous experimental measurements and theoretical reports are also listed for
sc (GPa) gF Remarks
.025 59.9 0.32 Graphene (zigzag direction)
Graphene (nano-indenting)
ab initio
Graphene (MD, zigzag direction)
SWNT (experiments)
60.5 0.33 Graphene (MD, zigzag direction)
.036 Graphene (experiments)
This journal is ª The Royal Society of Chemistry 2013
Fig. 2 Stress–strain relations (a) and the variations of the fracture strains (b), the ultimate strengths (c) and the Young's moduli (d) with respect to the defect coverage
forMLGP and SLGS under tensile tests along the zigzag direction (see the inset in (c)). The normalized values 3F0,s0,Y0 in (b), (c) and (d) are those of the pristine graphene,
as listed in Table 1. For defect coverage above 11%, the failure process is ductile, and it is difficult to define the fracture point, as marked by the black cross in (b).
Fig. 3 Radial distribution functions of a pristine graphene sheet, MLGP and SLGS
under tensile tests at the equilibrium states (a) and the fracture points (b). The size
of the pristine graphene sheet is the same as that of SLGS and the samples of
MLGP and SLGS are randomly selected from the ten cases with f ¼ 8.3%.
Fig. 4 Variation of the out-of-plane tensile strength with respect to the defect
coverage f for MLGP under out-of-plane tensile deformations (see the lower right
inset). The upper left inset figure illustrates the typical stress–strain relations.













































View Article Onlineneighbor distance (the rst peak) is about 1.40 Å for all three
cases, indicating the same equilibrium bond length within all
three structures. At the fracture point, the rst peak of graphene
shis to 1.55 Å, indicating that the average bond length in the
pristine graphene sheet is increased by 10% before the
rupture of the sheet. However, the rst peaks of MLGP and SLGS
are shied from 1.40 Å to 1.42 Å and 1.43 Å, respectively, indi-
cating only 1.4–2.1% enlargement of the average bond length.
This phenomenon suggests that during the tensile tests the
main increase in system size does not come from bond
stretching in both MLGP and SLGS situations. The strong bond
breaking and reforming induces signicant morphological
changes and lead to a remarkable increase in system size,
resulting in a dramatic increase in 3F.
To investigate the coupling strength between the layers, we
further performed out-of-plane (OP) tensile tests on MLGP, as
illustrated in the lower right inset of Fig. 4. The obtained stress–
strain relations exhibit a straight increase at rst, followed by a
saturation or even a small drop in the mid to low defect ratio
region, and nally a sharp drop beyond the fracture point
(upper le inset gure in Fig. 4). Structural deformation andThis journal is ª The Royal Society of Chemistry 2013bond length analysis show that the rst section of increasing
should be ascribed to the interlayer bond stretching, and the
second section of saturation should be ascribed to the sheet
tearing and interlayer bond re-hybridization, thus the lower
stress and larger strain can be understood. The maximum OP
tensile stress increases with the increasing of f (Fig. 4), which
shows that with more incipient vacancy defects, thus more
interlayer bonds, the MLGP is more robust and the coupling
strength between layers is higher. The OP tensile strength varies
from 1.52–4.38 GPa within the investigated defect coverage
region (Fig. 4).
In our models, we mainly consider MLGP constructed from
graphene sheets with random point vacancy defects. In practice,
larger defects, such as holes or line defects, can also be intro-
duced during the manufacturing process or by high-energy ion
irradiation.36 Therefore, it is important to investigate the
inuence of large-size aws on the mechanical properties of
MLGP. To this end, we consider the case of MLGP-8.3% with the
middle two constituent graphene sheets having pre-existing
crack-like aws, as schematically shown in Fig. 5(a). The widthJ. Mater. Chem. A, 2013, 1, 2002–2010 | 2005
Fig. 5 (a) A constituent graphene sheet of MLGP-8.3% with a crack-like flaw of
length L located at the center of the sheet. The tensile deformation (as indicated
by the small black arrows) is applied along the zigzag direction and the flaw is
perpendicular to the stretching direction. (b) Ultimate tensile strength of MLGP-
8.3% vs. the length L of the flaw. Squares with error bars denote the simulation
results and the straight line represents a linear fit of the simulated data.













































View Article Onlineof the aw is that of a hexagonal unit and the length is denoted
by L (see Fig. 5(a)), which will be varied from zero to about 30 Å.
The other four graphene sheets in MLGP-8.3% have only
random point vacancy defects with the prescribed f. These
aws are placed at the center of the middle two sheets and are
aligned perpendicular to the zigzag direction. Fig. 5(b) presents
the dependence of the calculated ultimate tensile strength of
the system upon in-plane zigzag deformation on the length L,
which can be well described by a simple linear t, s (GPa) ¼
31  0.15L (Å). From this relation, we see that the ultimate
strength of the system retains a rather high value (about 24 GPa)
even when the aw is as long as the width of the graphene sheet
(about 50 Å), in which case the middle two sheets have already
been separated into two parts before stretching. If we simply
disregard the middle two sheets in this limit case, we will nd a
smaller estimation of the ultimate tensile strength, 31  2/3 ¼
21 (GPa). This discrepancy can be understood from the fact that
in this limit case, the middle two sheets still have intercon-
nections with the other sheets through the interlayer bonds and
will contribute a certain amount of strength to the system. From
this point of view, we see that MLGP is much more robust than
the pristine graphene sheet: for pristine graphene, the fracture
of the system denitely occurs around the aw and the strength
deteriorates rapidly with the increase of the defect size;63 for
MLGP, the locations of the aws are not necessarily the place
where fracture takes place. As long as there are some constit-
uent graphene sheets without large-size pre-existing defects, the
system can have a rather high strength. Similar mechanical
robustness has also been observed in knitted graphene nano-
ribbons64 and similar aw insensitive fracture has been repor-
ted very recently in nanocrystalline graphene.653.2 Shear deformation
3.2.1 In-plane shear deformation. We next characterize the
mechanical properties of MLGP under zigzag in-plane shear
deformation. From the shear stress–strain relations as dis-
played in Fig. 6(a) we can see that the appearance of sparse
incipient defects induces signicant early fracture and
degraded shear strength. Atomistic analysis of the deformation
procedure reveals that the interlayer bonding in MLGP with low2006 | J. Mater. Chem. A, 2013, 1, 2002–2010defect coverage is not strong and the MLGP behaves more like
separated graphene sheets than an integrated collective
(Fig. A4†). The fracture is brittle and is initiated in different
regions for different layers (Fig. A4(g)†). However, as the defects
become denser, more and more bond reconstructions are
observed and the fracture process gradually changes from
brittle to ductile, resulting in increased fracture strain
(Fig. 6(a and b)). In the MLGP situation bond reconstruction
takes place not only within the plane but also between adjacent
layers, leading to much larger stretching ratio compared with
SLGS. When f is above 10%, MLGP exhibits super-ductility and
no obvious fracture can be observed during the shear tests. At
f ¼ 11%, although the maximum stress appears at a strain of
about 0.2, the elastic response region can extend to about g ¼
0.3. At this stage, sheet crumpling and bond healing are the two
main mechanisms of accommodating deformation and
dispersing stress. Upon the relief of the strain, the MLGP can
return to its original rectangular shape. Beyond the elastic limit,
extra strain will induce a soening effect locally, aer which
signicant bond breaking begins and failure of the structure is
triggered (Fig. A5†).
With the appearance of defects the initial high strength of
pristine graphene deteriorates. The shear strength gradually
degrades but saturates to about 15 GPa in the high f range,
without obvious difference between SLGS and MLGP (Fig. 6(c)).
The shear modulus also declines with the increase of f due to
the defect-induced soening of the material. However,
compared to SLGS, the interlayer cross-links in MLGP improve
the structural robustness and enhance the shear modulus by
50–60 GPa (Fig. 6(d)). The third-order elastic modulus D was
computed from the shear stress–strain relations. In the MLGP
case it shows that the D modulus increases as f increases and
saturates in the high f domain. In the SLGS situation D
increases almost linearly for f < 8% and decreases thereaer
(Fig. A3(b)†). Mechanical properties of MLGP under armchair
shear deformation are also investigated and similar rules can be
found from the results, as presented in Fig. A6.†
3.2.2 Out-of-plane shear deformation. In contrast with the
two-dimensional structure of SLGS, MLGP is a three-dimen-
sional system with a nite thickness perpendicular to the
constituent graphene sheets. Thus, it is also interesting to study
the mechanical properties of MLGP under out-of-plane shear
deformations. The stress–strain relations with varying initial
defect densities f and the relevant derived quantities as func-
tions of the initial f are shown in Fig. 7. For the case of MLGP-
2.8%, the shear stress is vanishingly small. In this case, there is
no obvious fracture point and it is difficult to determine the
fracture strain. This difficulty remains for MLGP-5.5%. In
contrast, the stress–strain relation of MLGP with high initial f
exhibits an initial linear response region, from which shear
modulus can be unambiguously deduced, followed by repeated
yielding and strengthening regions, as demonstrated by the
curves for MLGP-8.3% and MLGP-11%, with MLGP-11% frac-
turing earlier. Interestingly, both the out-of-plane shear
strength and the shear modulus increase with the increasing of
the initial defect density and reach, respectively, the values of
4.6 GPa and 5.5 GPa for MLGP-11%. This value of shearThis journal is ª The Royal Society of Chemistry 2013
Fig. 6 Stress–strain relations (a) and the variations of the fracture strains (b), the ultimate strengths (c) and the Young's moduli (d) with respect to the defect coverage
for MLGP and SLGS under in-plane shear deformations along the zigzag direction (see the inset in (c)). The normalized values gF0,s0,G0 in (b), (c) and (d) are those of the
pristine graphene, as listed in Table 1. For defect coverage above 10%, the failure process is ductile, and it is difficult to define the fracture point, as marked by the black
cross in (b).
Fig. 7 Stress–strain relations (a) and the variations of the fracture strains (b), the
ultimate strengths (c) and the elastic moduli (d) with respect to the defect
coverage for MLGP under out-of-plane shear deformations (see the inset in (c)). At
low defect coverage, the fracture point cannot be unambiguously determined
due to the interlayer sliding, as marked by the black cross in (b).













































View Article Onlinemodulus is comparable to those observed in graphene-polymer
nanocomposites (a few GPa).39,47,48 Overall, with the increase of
f exceeding a given value, both the ultimate strength and the
elastic modulus increase but the fracture strain decreases.
Therefore, the initial defect density f should be chosen care-
fully in order to obtain the desired combination of the
mechanical properties under the out-of-plane shear
deformations.
While the mechanical properties of the MLGP under in-
plane tensile and shear deformations are jointly determined by
the intralayer and the interlayer bonds, the mechanical prop-
erties of the MLGP under out-of-plane shear deformations areThis journal is ª The Royal Society of Chemistry 2013mostly determined by the interlayer bonds. In order to explore
the connection between the microscopic structure and the
macroscopic mechanical properties, we present, in Fig. 8, some
representative snapshots of MLGP-2.8% and MLGP-11% under
shear deformation from the start to the failure of the structures.
A detailed examination of the failure processes of MLGPs with
different initial defect densities is helpful for obtaining a deeper
understanding of the role played by the interlayer bonds in the
out-of-plane shear tests.
For MLGP-2.8%, there are so few interlayer bonds initially
that some adjacent graphene sheets in the MLGP are not con-
nected by covalent bonds (Fig. 8(a)). With the application of the
out-of-plane shear deformation, the constituent graphene
sheets begin to slide over each other, accompanied by breakage
and reformation of the interlayer bonds (Fig. 8(b)). The inter-
layer sliding is the main mechanism to accommodate the shear
strain and there is no signicant stress accumulation in the
structure (Fig. 7(a)). With further deformation, one of the gra-
phene sheets slips off due to the absence of any possible
interlayer bond connecting it with others (Fig. 8(c)). In this
process, the shear stress frequently drops to zero (Fig. 7(a)) and
there is no denite fracture point.
For MLGP-11%, there are enough interlayer bonds initially
and each pair of adjacent layers are connected by a number of
interlayer covalent bonds, resulting in a rather homogeneous
and robust three-dimensional architecture (Fig. 8(e)). At the
early stage of the out-of-plane shear deformation, the macro-
scopic out-of-plane shear deformation translates into the elastic
stretching of the interlayer bonds (Fig. 8(f)), resulting in the
initial linear stress–strain relation (see the segment A in
Fig. 7(a)). The strength of the interlayer bonds at this stage
determines the shear modulus. Within the investigated f range,
the higher the initial f, the more the initial interlayer bonds inJ. Mater. Chem. A, 2013, 1, 2002–2010 | 2007
Fig. 8 Temporal evolution of stress distributions and the fracture process for MLGP-2.8% (a–c) and MLGP-11% (e–h), with the color scheme given in (d). (a) MLGP-
2.8% before shear deformation. (b) Sliding of one sheet in MLGP-2.8%. (c) Separation of MLGP-2.8% into two parts. (e) MLGP-11% before shear deformation. (f) MLGP-
11% in the elastic shear deformation stage. (g) MLGP-11% in the plastic shear deformation region. (h) Failure of MLGP-11%.













































View Article Onlinethe MLGP, thus the shear modulus increases with the increase
of the initial f (Fig. 7(d)). At the end of this elastic deformation
stage, a rather high shear stress of about 3 GPa has already been
accumulated in the interlayer bonds (see the end point of the
segment A in Fig. 7(a)). As the shear strain exceeds the elastic
limit, the breakage of the interlayer bonds initiates, resulting in
an abrupt drop of the shear stress (see the segment B in
Fig. 7(a)). The place where the rst breakage of the interlayer
bonds takes place is believed to be the weakest point and is not
predictable. Followed by this dropping is a process of interlayer
sliding and subsequent reformation of the interlayer bonds in
the newly generated conguration. In this process, the shear
stress uctuates around a given value (see the segment C in
Fig. 7(a)). Aer the reformation of the interlayer bonds, further
shear deformation induces an increase of the shear stress (see
the segment D in Fig. 7(a)). Aer this yielding–strengthening
process, there appears to be signicant lateral mismatch of the
layers with each other and the shear stresses are stored into
the interlayer bonds again (Fig. 8(g)). By further increasing the
shear deformation, the remaining segment of the stress–strain
relation more or less repeats this yielding–strengthening
pattern until the nal fracture of the system (Fig. 8(h)).
4 Conclusions
In summary, through molecular dynamics simulations we have
demonstrated the key role that defect-mediated interlayer
carbon–carbon bonds played in the self-construction of multi-
layer graphene paper MLGP and their inuence in the associ-
ated mechanical properties. In the low random vacancy defect
coverage case, the interlayer carbon–carbon bonds are relatively
sparse so that the adjacent graphene sheets cannot be tightly
bridged, and the defects only serve to degrade the strength.
When incipient defect coverage is beyond 8% there exists a
strong interlayer cross-linking and the stacked graphene sheets2008 | J. Mater. Chem. A, 2013, 1, 2002–2010can self-assemble into a three-dimensional architecture with
high in-plane strength and stiffness, albeit degraded compared
with pristine graphene, still much higher than many other
graphene-based paper-like nanocomposites. Two interesting
phenomena, (1) super-ductility, (2) mechanical robustness
against large-size pre-existing aw are observed. Finally, the
defect-induced interlayer cross-linking enables out-of-plane
tension and shearing of MLGP and the obtained strength and
elastic modulus are found to increase with increasing defect
coverage. Our study as demonstrated here shows that graphene-
based paper-like advanced materials can be readily fabricated
by simple defect density engineering, which clearly allow for the
formation of the nanoscale interlayer bond network and the
tuning of macroscale mechanical properties. This new route
provides some insights into the future design and synthesis of
multifunctional graphene papers for versatile engineering
applications, such as exible nanoelectronics and energy
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